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IN  '  RODl'CTlOX 

Thf  spociticity  of  imnuinological  tolerance  has  been  considered  to  reflect  the 
mechan.sm  of  recognition  between  ‘self’  and  ‘not-self’  antigenic  determinants. 
It  IS  usually  postulatcAl  that  the  experimentally  acquiree!  immunological  tolerance 
and  natural  tolerance  are  based  on  the  same,  yet  unknovAo,  mechanism."*  Accord 
inglv,  the  immunological  manifestations  of  these  two  systeios  of  tolerance  were 
cxpccteel  to  be  basically  sinular,  and  an  experimental  alteration  of  the  tolerant  state 
achieved  in  one  system  might  be  relevant  to  the  other.  The  present  study  was  carried 
out  with  a  twofold  aim:  (1)  to  study  some  molecular  parameters  .associated  with  the 
breakdown  of  acquired  immunological  tolerance;  (2)  to  analyse  further  the  similarity 
of  immunological  manifestations  of  the  two  systems  of  tolerance. 

Hapten  protein  conjugates  have  been  previously  employed  to  investigate  these 
two  aspects.  The  induction  of  tederance  to  serum  proteins,  followed  by  immuniza¬ 
tion  with  the  azo-protein  con  jugate’s,  has  been  used  in  studies  Doth  of  the  discrimina¬ 
tion  between  the  tolerogenic  protein  and  the  hapten  component'-  ®’  and  the 
subse’quent  effects  of  such  conjugates  in  terminating  the  tolerant  state.'®  '*  .Although 
breakilovvn  of  tolerance,  usually  at  low  levels,  has  been  reported  in  a  number  of 
inAcstigations,  ®  *"  the  study  of  the  molecular  properties  of  the  immunogenic 
components  which  determine  theterrnination  of  tolerance,  has,  so  far,  been  limited. *'* 
Immunological  studies  of  polypeptidyl  proteins  have  shown  that  the  attachment 
of  polvpepiide  chains  to  potent  protein  antigens  may  change  the  senilogicai 
specificity  towards  the  pcptitlc  comjxuunt, '**■"**  while  their  attachment  to  such 
jioor  antigens  as  gelatin  may  in  some  eases  (e  g.  peptides  of  tvrosme,  tryptophan, 
plunv  lalanme,"' '  methionine' result  in  a  strong  enhancement  of  iinmunogemcitv . 

In  the  present  investigation  we  testeil  the  immune  response  to  serum  proteins 
modified  In  att.!<  !iinent  of  peptide  chains,  in  animals  which  have  either  acquircil 
tolcrarue  to  tlie  protein  c.irrier  or  wa  re  naturallv  tolerant  to  the  protein  Rabbits 
nuuie  tolerant  to  hum.iii  st  ruir.  .ilbumm  (11S.\)  bv  neonatal  iniections  of  liie  antigen 
weri'  immuni/ed  with  jxd\ -i  -t\ ros\  I  II.S.X  or  poly-pl.-alanv  I  HS.\  Normal  rabbits 
were  sim  !arlv  treated  w  ith  poly-l  -tyrosv  1  ami  po!v-i>i  -alain  I  rabbit  serum  albumins 
(R.S\).  rile  etiicaev  of  pol\peptid\!  proteins  to  terminate  the  acquireil  unre- 
sponsiveness  was  evaluateti  with  respect  to  the  ilegrce  of  cnrichriunt  of  the  pri/tein 
with  tvrosme  peptides  .iiui  the  chemical  nature  of  the  jxdvpeptidvl  vomponent 
Antibodies  funned  against  the  pi'|>lule  moietv  m  lioth  folerar.t  svstems  were  com- 
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pant!  ill  order  to  examine  the  possible  similarities  in  the  recognition  mechanisms 
ot  natural  arui  induced  tolerance. 


MA'FK  RIALS 

Human  scrum  albu'nin  (Fraction  V,  powder)  was  obtained  from  Plasma 
Fractionation  Institute  of  Israel,  Jaffa- Fel  .\v  iv.  Rabbit  serum  albumin  (Fraction  \', 
powder)  and  crystallized  human  serum  albumin  were  purchased  from  Mann 
Research  Laboratories,  New  ^'ork,  C'rystaliine  bovine  serum  albumin  was 

obtained  from  Armour  Pharmaceutical  Company,  Kastbourne,  England.  (Jelatin, 
I  .S.P,  granular,  was  obtained  from  Fisher  Scientific  Co.,  Pittsburgh,  Pa.  Ribo- 
nuclease  .\  5  ■  recrvstallized,  (lot  B-l()l(f)  was  purchased  from  Sigma,  St  Louis, 
Mo. 

PoIypeptiJyl  proteins.  'Fhe  polypeptidyl  proteins  used  in  this  study  are  listed  in 
'Fable  1.  'Fbey  were  prejiared  by  the  reaction  of  the  protein  with  the  appropriate 
N-carboxy-a-arnino  acid  anhydride'"  ’-’*  (N-carboxy-i)i,-alanine  anhydride'"’  or 
\-carboxy-L-tyrosine  anhydride'’’’’),  i  c  protein  (1  g)  was  d'^^oKed,  in  every  case, 
in  0  ll5  M  phosphate  buffer  pH  7  It  (HO  ml);  the  .\-carboxy-a-amino-acid  anhydride 
dissolved  in  dioxane  (40  ml)  was  added  at  .S  ,  and  the  reaction  mixture  was  kept  at 
3  for  24  hr,  after  which  it  w  is  dialvsed  against  several  changes  of  distilled  water. 
The  contents  of  the  dialysis  bag  were  brought  to  pH  7-0  yvith  a  few  drops  of  1  n 
sodium  hydroxide,  centrifuged  at  H(MM)  rev  min  to  remove  any  small  amount  of 
precipitate,  and  the  clear  solution  was  lyophilized.  .Ml  the  materials  prepared  were 
obtaired  in  a  water-soluble  form. 

'Fhe  extent  of  enrichment  of  the  protein  derivatives  w  ith  the  amino-acid  residues 
attached  was  calculated  from  the  amino-acid  content  before  and  after  polypeptidyla- 
tion.  l  or  the  two  protein  derixatives  52b,p'FyrHS.\  and  525,p.-\laHSA,  the 
number  of  peptide  chains  attached,  on  the  average,  to  one  protein  moierule  was 
obtained  by  the  determination  method  used  for  polyalanvl  riht/uuclease.'"”  In  this 
method  the  lysine  content  was  determined  in  the  polypeptidyl  protein  before  and 
after  deamination  with  nitrous  dcid. 

I'hysit  f,,  ht  rni(  <il  < horat  ft  riznfion.  Fhe  polvpeptidvl  protein  preparations  in¬ 
vestigated  were  subjected  to  seiiimentation  and  diffusion  in  the  ultraccntrifuge.  It 
was  predicted  from  a  theoretical  analysis  of  the  k.netics  of  polymerization  of  linear 
anu  multichain  polyamino  acids  that  both  linear  and  multichain  polymers  of 
amino  acids  should  possess  a  relatn  elv  narrow  distribution  of  molecular  weight,"'”” 
Fhis  was  demonstrated  through  physicochemical  studies  of  polymers"”  as 
well  as  chromatographic  ami  ultracentrifugai  studies  of  polvalanvl  ribonuclease.'’*' 

Sedimentation  experiments  were  performed  on  0  1  per  cent  1  <•  per  cent  solutions 
of  the  protein  ilerixatixes  in  (’1  M  phosphate  buffer  pH  70,  while  the  diffusion 
experiments  were  earned  oui  on  "  10  per  cent  solutions  in  the  same  buffer. 

Fhe  extrapolateil  seilirnentation  and  diffusion  coefficients  are  given  in  'Fable  2. 
A  partial  specific  xolurne  of  0  7.f  was  used  in  the  caicuiation  of  the  molecular  weights 
(the  partial  specific  volume  of  human  serum  albumir'  is  0  736,'-*'  of  tyrosine  residue, 
0  71 and  of  alanine  residue,  0  72)  Fhe  molecular  weights  calculated  from  the 
phvsicochemical  measurements  are  listed  in  Fable  2,  and  compared  w  ith  molecular 
weights  calculated  from  chemical  analysis.  Data  for  human  serum  albumin  are 
given  for  the  purposes  of  comparison. 
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MirnioDs 

hidiu  tion  of  toli  rancr.  F-lvt-rv  iittiT  of  tu  uboni  rabbits  iis'  '  jcu  iH|iiaIlv 

into  an  t'\pt.-rinu'tital  ^roup  atui  a  control  ^roup.  'riic  cxpi  '  'sinials  were 

injeettai  intrapcritotu-allv  uitli  40  rn^  ol  atttijrcn  uithin  24  b.r  aiui  .  .rsli,  aiiotlur 
40  mj>  a  week  later,  arul  a  thiril  dose  of  60  mj;  at  the  aj'e  of  60  davs. 

Immunization  frtmdun .  I'lie  antigens  used  were  ineorj^oraled  in  a  water-in-oil 
atl)u\ant  mixtuie.'-"  lupial  parts  ol  ,?  0  per  cent  antii;en  solution  in  .K|Ueous  0  0 
per  cent  sodium  chloride  aiul  ready-[>repared  complete  I'n'und  ai.lju\ant  from 
Difeo  I .aboratories,  Detroit,  Vlicb.,  were  homoj^enized  b\  repeateil  tillinc;  and 
forcible  ejection  from  a  syringe. 
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*  From  I’rdersen. 

riie  immunization  was  started  1  month  after  the  last  tolerotjenic  injection. 
Ivach  material  test'll  was  injected  into  si\  rabbits  in  the  test  ttroup.  .After  pre- 
immunization  bleedings,  the  antiyen  was  administered  into  the  thighs  of  the  hind 
leius  of  the  animals.  ’I'hree  injections  of  1  0  m!  of  the  adiin  ant  miMiire  were  t;i\  en  at 
fortnightly  intereals;  .1  weeks  after  the  third  in|eetion  20  m^  of  anti>;en  )isso|\ed  in 
1  ml  of  0  0  per  cent  soihum  chloride  was  mtraceneouslv  administered. 

’I  he  animals  w  ere  bled  I  d.i\  prior  to  each  immunoy:eme  i  meet  ion  and  their  sera  were 
tested  iiualitativ el\ .  One  week  after  the  mtra\eneous  in)ection,  sera  were  collected 
for  c|uantitati\ e  jirecipitm  tests. 

I’rtiipitin  studiis.  (Jualitatice  and  c|uantitati\ e  precipitin  reactions  were  carried 
out  on  sera  of  individual  rabbits.  In  cjiialitativi-  tests  mereasintj  amounts  of  aiitiy'en 
(.s,  1(1,  IS  and  .s6  /n;)  dissolved  in  <<  .s  ml  of  U  '>  per  cent  sodium  cdiloride  were  added 
to  ((-2  ml  ol  antiserum.  The  contents  of  the  tubes  were  mixed,  placed  in  a  water 
bath  at  .47  for  1  hr,  and  precipitate-  formation  was  recordevi  after  24  hr  at  .s  . 
(Quantitative  precipitin  tests  were  carried  out  m  a  final  volume  of  l  -.s  ml.  liicreasint; 
amounts  of  ar’tiyen  were  added  to  a  constant  volume  of  serum  (6  2,  0  .4  or  l-b  ml, 
depending  on  the  immune  response),  the  lubes  were  mixed,  placed  in  a  water  bath 
at  .17  ('  for  1  hr,  and  then  at  .S  C  for  4M  hr.  The  tubes  were  centrifuged  and  the 
precipitates  which  formed  were  washed  three  times  with  chilled  (2  t  )  ai|ueous 
0  per  cent  sodium  chloride  and  dissolved  in  6  1  N  sodium  hydroxide  (I  I  ml). 
I  he  extinction  (I'd  of  these  solutions  was  read  at  2M(M)  .A 
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i'hc  amount  of  antigen  in  the  pt  .'cipitates  was  determineii  in  several  cases  after 
labelling  with  ‘•*'1.  'I'hc  antibody  content  was  the  i  obtaineil  fioni  the  measured  K 
after  deducting  the  calculateel  K  of  the  antigen. 

Farr  Technique.  Ihnding  to  antibodies  was  estimated  al.so  by  mc-uis  of  the  labelled 
antigen  technique  of  b'aii  ,’--^*  as  modified  by  I'erres  and  V”;)iins.'-'^*  I’he  labelling 
was  carried  out  with  '''*1.  The  radio-iodinated  albumnis  were  emploved  in  a 
concentration  of  20  /ig ml. 

RdT'nartn 't\\  l^adioactivitv  of  antigen  antibou'v  j.rtcip. tales,  as  well  a  .  the 
supernatant  iiuids,  aiul  of  the  amna  niurn  '  ii'fate  precipitates  formed  m  the 
Farr  technitr  >■,  was  measured  in  a  well-type  I'racerlab  Sc.otillation  Counter. 

Sedin?r‘’iation  <in<ilv.<is.  'I'his  was  carried  out  in  a  Spinco  mode!  F  ..uracentrduge, 
at  20-22  ,  with  a  Schlieren  optical  svstetn.  J'he  samphs  were  sedimentetl  at 
59,780  re\  i..in.  'I  h*'  results  were  corrected  to  20  . 

Diffusion  measurements.  These  were  performed  in  the  same  Spinco  mode!  F 
ultracentrifuge,  according  to  Daniel  and  Katchalski.*-*'  riie  btiunda-y  between  the 
solvent  and  the  solution  was  (‘btained  with  a  svnthetic-boundary  cell  and  operating 
at  low  gear  (9341  rev  min).  .\t  this  speed  the  sediment, ition  of  the  protein  derivativ  e 
is  practically  negligible. 

Amino-acid  analysis.  The  enrichment  of  a  polvalanyl  protein  w  ith  alanvl  residues 
was  determined  by  quantitative  analysis*-**'  w'th  the  Beckman-Spinco  automatic 
amino-acid  analyser  model  120B,  Beckman  Iristruments,  Inc.,  Bah)  .\lto,  California. 
'I'he  samples  to  he  analysed  were  first  stibjected  to  hydroKsis  with  6  N  HCI  in 
sealed  tubes  at  1 10  C  for  24  hr. 

Deamination  of  polypeptidyl  protein.  In  order  to  d'-termine  the  number  of  amino 
groups  in  an  albumin  which  might  be  unreacove  as  polyarnino-acid  side-chain 
initiators,  the  polypeptidyl  albumins  were  trea'  d  with  nitrous  acid.  Fhe  protein 
(5-6  mg)  was  dissolved  in  0-5  ml  of  water;  1  -5  ml  of  saturated  aqueous  NaNO:-  and 
0-5  ml  of  glacial  acetic  acid  were  added,  and  the  mixture  allowed  to  stand  overnight 
at  room  temperature.  The  entire  preparation  was  the.i  dialysed  against  distilled 
water  and  lyophili/etl,  anti  after  hydrolysis  in  sealed  tubes  in  6  .n  HCI  at  1  ID  C 
for  24  hr,  it  was  analysed  quantitatively  as  above, 

RFSl  FTS 

Immunoloi^ical  reactions  of  rabbit  anti-HS.-i  and  unti-po/ypeptidyl  HS.-l  irith 
polypeptidyl  proteins  and  with  D.SA 

Fhe  experiments  reported  in  the  present  study  were  concerned  w  ith  the  immune 
responses  elicited  by  polypeptidyl  proteins  in  animals  made  tolerant  to  the  protein 
carriers.  Since  p'FvrHS.X  and  pAlallSA  were  the  main  immunogenic  materials 
applied  in  this  investigation,  experiments  were  first  performed  to  test  whether  the 
enrichment  of  HS.\  with  tyrosine  or  with  alanine  peptides  has  not  masked  the 
o'^iginal  antigenicity  of  the  native  HS.\.  Rabbit  anti-HS.\  serum  was  tested  for 
cross-reactivity  with  3,  7  and  13  per  cent  pTvrMS.A,  and  with  p MallS.A,  as  com¬ 
pared  with  the  precipitins  formed  with  HS.\.  The  results  (  I'able  3)  showed  that  the 
degree  of  cross-reactiv  itv  with  p  ryrllS.A  was  similar  to  the  reactiv  ity  with  HS.\, 
It  can,  thus,  be  concludeil  that  the  attachment  of  peptiiles  to  IIS.\  did  not  mask 
significantly  itsoriginal  specific  ileterininants.  I’hisis  also  inferred  from  the  reciprocal 
tests:  antihovlies  to  polvpeptidvl  IIS.\  jireparations  cross-reacteil  strongly  with 
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USA  (  Tiihlfs  4,  5;  l  igs.  1  4).  This  iiulicatfs  that  not  only  the  antigenic  specihcity 
ot  the  nati\e  USA,  hut  also  the  immunogenic  capacity  of  USA  has  been  presei\e(J 
to  a  great  extent  when  this  protein  was  enriched  with  polypeptide  cliains. 
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•  Number  of  rabbits:  reacting  positively  per  number  of  rabbits  tested. 

Antibody  production  towards  p<d\  ptptidyl  proteins  in  animals  tolerant  to  the  protein 
carriers 

The  analysis  of  the  immune  responses  to  polypeptidyl  proteins  produced  in 
animals  tolerant  to  the  protein  earners,  was  carried  out  within  the  following 
experimental  scheme:  Kahbits  made  tolerant  to  USA  and  normal,  non-tolerant 
controls,  were  divided  into  experimental  groups; 

(1)  Immunized  with  HS.\,  to  test  the  persistence  of  the  tolerant  state. 

(2)  Immunizeil  with  the  4  per  cent  p  rvrHS.X  (->18). 

(4)  Immunized  with  7  per  cent  p'l'vrHS.A  (519). 

(4)  Immunized  with  14  per  cent  pTyrllSA  (529). 

(5)  Immunizetl  with  24  per  cent  p.AlaHSA  (525). 

The  successive  appearance  of  rabbits  forming  precipitating  antibodies  following 
each  of  the  three  avljuvant  test-immunizations,  and  the  fourth  intravenous 
immunization,  are  recorded  in  Table  4.  The  results  indicate  that  animals  made 
tolerant  to  I1S.\  retained  the  tolerant  state  when  further  immunized  with  USA 
(group  1).  On  the  other  hand,  animals  which  had  been  made  tolerant  to  USA,  and 
then  challenged  with  p'l  yrllSA,  formed  antibodies  which;  (a)  reacted  with  the 
homologous  polvpeptidvl  conjugate,  and  (b)  reacted  with  the  carrier  protein,  USA, 

I  e  ihev  ma  .ifested  a  breakdown  of  the  previously  acquired  tolerant  state.  The 
immune  response  ehcitetl  bv  the  coniugated  proteins  .seemed  correlated  (a)  with 
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thf  of  4'iiricliiiK'iit  of  jlu‘  USA,  w  itli  tvrosmc  f  i-sulm  s,  .iiui  ( h)  w  ith  t!i  •  cvtont 

of  iMirmmi/atioii.  'I'liiiv  tolerant  ai)i:iia!s  uitl’  tlie  poor!'  '  orutuil 

USA,  the  ^  per  cent  p'l'vrllSA  (.^iS),  (Tahie  4,  xip  2)  retained  tlu  ir  toieranee 
to  USA  tFiroujfhoiit  tin  first  tfitee  iniimini/atioi's;  and  onK  after  thi-  foi.rfh  iotra- 
\fnoiis  el'.allenj'e,  two  out  of  tfie  siv  rahhits  protliiecsi  antihode  to  tlie  fiomo’oeou'' 
iinmunopen;  of  these  onK’  one  reaeted  v\ith  USA.  Jl  ■  (  resuit  show  that  4 
per  cent  enrichment  witli  t’erosine  eoivierred  a  ra'her  weak  inin)uno(iemeit\  on 
the  poKpe|'ti<lvI  I'rotein,  \'.iieri  te  ted  jn  animals  which  hai!  heen  n.ade  tolerant  to 
the  protein  earner,  f  urther  tyrosinalioii  ot  the  HS.\  sipnifieantiy  mereaseti  the 
iniiniino^enic  effect  of  ihi-  pol\ peptitl\  I  protein,  l>otli  in  terms  of  mimhers  of 
reaetinp  animals,  and  of  time  of  appearance  of  antiho<l\  as  a  function  of  niimhers 
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I'm  I,  f.'xtiiiition  at  28(10  A  of  solute -ns  in  (•  I  \  soiiuim  h\ clroxuie  ot  prci  ipi- 
I.ites  ohtaini  d  tiy  the  aililitiun  of —  ,  5 1 8.  2  per  cent  p  TyrH.S.A  ;  ,  ft.SA;#  22. 

14'  p'l'\ tKS A  to  antisera  ae'amst  s I  8  produeeel  by  :  .A ,  normal  rabbit  ( No.  72 ) ; 

li.  rabbit  tol.  rant  to  HS.\  (No.  7).  C.  rabbit  tolerant  to  HS.A  (No.  8). 

of  immnni/inK  injections.  Immunization  with  7  per  cent  p  TyrllSA  {5IV)  (  Table  4, 
y;roup  })  elicited,  in  fi\e  out  of  ri\  tolerant  animal.s  antibody  to  tbe  homolofrous 
antijjen.  Tbe  number  of  reactive  animals  increased  with  successive  injections, 
aIrcatK  bt  ^mninj;  after  the  second  challenge;  of  these  four  gave  precipitin  reactions 
with  USA,  a^ain,  startinfr  after  the  second  injection.  'Thus,  the  immunization  with 
7  per  cent  pTyrHS.\  (.“ilh)  was  very  rapidly  associated  with  the  termination  of 
tolerance  to  USA.  Tssenfially  similar  results  were  obtained  when  tolerant  animals 
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were  chaUenged  with  13  per  cent  pTyrllSA  (520)  (  Table  4,  group  4).  Here,  how¬ 
ever,  the  formation  of  antibody  to  the  polvpeptidyl  determinant  as  a  function  of 
the  number  of  antigen  injections,  preceded  the  formation  of  aruibody  to  HSA.  rhe 
termination  of  tolerance,  i.e.  the  formation  of  antibodies  reacting  with  HSA 
foUmced  the  production  of  antibody  to  the  polytyrosyl  determinant. 

The  formation  of  antibody  to  the  polypeptidyl  components  in  tolerant  animals, 
and  the  termination  of  tolerance,  seemed  to  be  determined  bv  the  chemical  nature 
of  the  amino-acid  residues  attached.  'I'hus,  when  rabbits  tolerant  to  HSA  were 
immunized  with  24  per  cent  pAlaHS.A  (525)  (Table  4,  group  5)- only  two  out  of 
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Fli.  2  K\tin(.ti<»n  at  2S(K)  of  solutions  in  U1  N  sojium  hMiroxuie  ot  pre¬ 
cipitates  (ihtaineil  h\  the  uiidition  of —  ,  51‘F  7  per  cent  p'l'vrUSA;  ,  MSA; 

•.  52y  14  per  iftu  pi  yrUS A  to  antisera  aitainst  51*^  proUueeil  by:  .A,  normal 
tahitit  (No  6.t);  If,  rabbit  tolerant  to  USA  (NO.  12). 

four  produced  some  antibody  to  the  homologous  antigen,  and  none  formed  anti¬ 
body  to  HS.A  (  Table  5,  group  5).  I'he  p.MaHS A,  umier  the  evperimei  tal  conditions 
tested,  did  not  break  up  tolerance  to  USA.  It  is  pertinent  that  in  normal  animals, 
immunization  ^sith  the  sample  of  p.\laHS.\  resulted  in  a  ..luch  higher  production 
of  antibodies  and  that  these  antibodies  cross-reacted  well  with  HS.\. 

It  should  be  noted,  that  all  sera  which  were  negati’.e  against  MS.\  in  the  precipitin 
tests,  were  also  negatiye  when  tested  by  means  of  the  Farr  method,  namely  by 
testing  the  binding  capacity  of  the  antisera  to  *•*' I- labelled  HS.\. 

.\n  analysis  of  the  correlation  between  the  degree  of  enrichment  with  tyrosine 
residues  and  the  termination  of  tolerance  to  HS.\,  war  earned  i  ut  by  means  of  the 
quantitative  precipitin  tests  (Figs.  1,  2,  .3  and  Fahle  5). 
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J’iKure  1  presents  the  precipitin  curves  of  the  two  tolerant  rabbits,  which 
provluced  antibodies  to  the  homologous  conjugate,  following  immunization  with 
3  per  cent  p  I'vrHSA  (518).  'I'he  ratio  of  anti-HSA  to  anti-pTyrHSA  in  the  only 
tolerant  animal  in  which  anti-HSA  has  been  produced,  is  similar  to  that  found  in 
the  non-tolerant  control  animals.  This  similarity  was  also  demonstrated  when 
tolerant  rabbits  were  immunized  with  the  7  per  cent  pTyrHSA  (519)  (hig.  2  and 
I'ahle  5,  group  .3).  When,  however,  tolerant  rabbits  were  immunized  with  HS.A 
which  w  as  more  highly  enriched  (13  per  cent)  w'ith  tyrosine  residues,  the  formation 
of  anti-HSA  was  decrea.sed  (Fig.  3  and  Table  5,  group  4). 


Anti9«n  oddait  (  /xQ  /ml  itrum) 


Flo.  .1.  Extinction  at  2800  A  of  solutions  in  01  n  sodium  hydroxide  of  pre¬ 
cipitates  obtained  by  the  addition  of —  ,  520,  13  per  rent  pTyrHSA;  ;  ,  HSA; 
•,  .52.1,  14  per  cent  pTyrRSA — to  antisera  against  .52(*  produced  by:  A,  normal 
rabbit  (No.  79);  B,  rabbit  tiderant  to  HS.A  (No.  41). 


The  final  incidence  of  HS.A-tolerant  animals  producing  anti-HSA,  following 
immunization  with  13  per  cent  p'FvrHSA  (520),  was  found  similar  to  the  incidence 
of  tolerant  rabbits  producing  anti-HSA  following  immunization  with  7  per  cent 
p  I'yrHS.A  (519)  (Table  4).  ^'et  the  kinetics  of  tolerance  breakdown  as  a  function 
of  the  number  of  antigen  injections  was  different  (Table  4);  those  immunized  with 
7  per  cent  f  I’yrHSA  show' d  an  earlier  termination  of  tolerance  to  HSA  than  those 
challenged  with  13  per  ce  it  plArHSA.  Furthermore,  the  amount  of  antibody  to 
HSA  produced  by  the  individual  rabbits  was  signihcantly  lower  in  animals  im¬ 
munized  with  13  per  cent  plArHSA,  as  compared  to  those  immunized  with 
7  per  cent  pTyrHSA  ('Fable  5,  groups  3,  4).  Thus,  the  degree  of  tolerance  break¬ 
down  was,  within  certain  levels  of  enrichment  with  tyrosine  (from  3  to  7  per  cent) — 
proportionally  correlated  w  ith  the  degree  of  enrichment  with  the  tyrosine  residues. 
Further  enrichment  with  tyrosine  (from  7  to  13  per  cent)  decreased  the  reactivation 
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Fk;.  4,  Fxtinc'ti(»n  at  2800  A  of  solutions  in  01  n  sodium  hvdroxidc  of  prf- 
cipitatfs  obtainetl  by  the  addition  of —  ,  525,  24  per  cent  pAlallS  A ;  ,  I  ISA  -to 
antisera  against  525  produced  bv;  A,  normal  rabbit  (No.  60);  11,  rabl>it  tolerant 

to  USA  (No.  2*)), 


'I'aBI  h  6.  AnTIBODUS  to  I'OLV-DI  -ai.anvi.  dkti  h.minants 
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Test  antijien 

anti-pAlal  ISA  (525) 

- -  anti-pAIak.SA  (539) 

tol'TiA"'  c.'ntr  ’ 

pAlallSA  (525) 

1  4* 

5  5 

3  3 

(6  1)  + 

(19) 

(71) 

USA 

0  4 

4  4 

0  3 

(2  2) 

pAlaRSA  (5.19) 

2  4 
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(5  5) 

(12) 

(6-5) 
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5  ''5 

3  3 

(2  9) 

(7) 

(4-5) 
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o  4 

0  5 
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■*  Number  of  rabbits  reactinK  positively  per  number  of  rabbits 
testeii. 

t  Muroktram  antikten  bound  per  ml  serum  (Farr  technique), 
averakte  a  able. 
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of  the  immune  response  to  USA.  M'he  formation  of  antiboiiies  in  rabbits  tolerant 
to  USA  ami  immunized  with  24  per  cent  p.AlaliS.A  (523)  is  presented  in  Fig.  4 
and  Fables  4  and  5.  .Although  no  anti-HS.A  antibodies  have  been  produced  in 
tolerant  animals,  antibodies  to  the  poly-i>i.-alanyl  determinant  could  be  demon¬ 
strated.  'Fhe-sc  findings  were  verified  with  the  aid  of  the  Farr  technique  (  Fable  6). 

Rfspansf  to  polypiptiJyl  determinants  in  animals  tolerant  naturally  or  experimentallv 
to  tht  jnolfin  t  urners 

'Fhe  immunological  response  induced  by  polypeptidyl  determinants,  when 
attached  to  a  protein  towards  which  the  rabbits  are  naturally  tolerant  (i.e.  RSA), 
was  compared  to  the  immunological  response  produced  by  the  same  polypeptidyl 
determinant,  when  attached  to  a  protein  towards  which  the  animals  had  acquired 
tolerance  experimentally  (i.e.  HS.A). 

.Anti-pTvrUS.A  produced  in  animals  tolerant  to  USA  and  anti-pTyrRSA,  were 
tested  for  cross-reactivity  with  p’FvrGel  and  pTyrRSA.  Since  rabbit  anti-HSA  does 
not  cross-react  with  gelatin  or  with  RS.A,  antibodies  demonstrated  in  such  tests 
should  be  attributed  to  the  polytyrosyl  determinants  alone.  The  resu'ts  of  such 
tests,  carried  out  by  the  Farr  technique,  are  presented  in  Table  7.  Anti-pTyrHS.A, 
produced  by  the  3,  7  and  13  per  cent-enriched  HS.A,  bound  the  i^H-labelled 
p’FyrGel  at  levels  similar,  in  order  of  magnitude,  to  the  binding  of  the  same  antigens 
by  antisera  produced  by  p'FyrRS.A.  'Fhese  antisera  manifested  the  same  order  of 
binding  capacity  also  w  heti  tested  w  ith  p'FyrRbA.  i'hus,  animals  w hich  are  naturally 
tolerant  to  RS.A,  as  well  as  animals  which  had  acquired  tolerance  to  HSA,  produced 
antibodies  to  the  tyrosine  peptide  determinants,  when  immunized  with  the 
respective  tolerogenic  proteins  enriched  with  tyrosine  residues.  In  this  respect, 
therefore,  there  was  no  difference  in  the  manifestations  of  the  recognition  mechan¬ 
ism,  between  natural  and  acquired  tolerance. 

.A  similar  experimental  approach  was  applied  in  testing  anti-p.AlallS.A  produced 
in  rabbits  tolerant  to  HS.A  and  anti-pAlaHS.A  obtained  in  normal  rabbits.  Fhe 
binding  capacities  of  such  antisera  to  J3i|. labelled  p.AlaHS.A,  p.AlaR.S.A  and 
p.AlaRN'ase  are  presented  in  'Fable  6.  Anti-pA'aflS.A  produced  in  HS.A-tolerant 
rabbits  and  antp.AlaRS.A  did  not  show  any  Finding  capacitv  when  tested  with 
HSA  or  RXase  (and,  obviously,  these  antisera  could  not  bind  RS.A).  A’et,  the  two 
ani'sera  did  bind  the  labelled  p.AlaHS.A,  p.AlaRS.A  and  p.AlaRN'ase.  Fhis  indicates 
that  anti-polyalanine  has  been  produced  in  tolerant  animals,  when  immunized 
with  antigens  in  which  alanine  peptides  arc  attached  either  to  a  protein  towards 
which  the  rabbits  are  naturally  tolerant,  or  to  proteins  towards  which  the  rabbits 
had  actpiired  tolerance.  Here,  again,  the  immunological  manifestations  of  natural 
and  .icquired  tolerance  are  basically  the  same. 

DISCISSION 

Fhe  experiments  reported  in  the  presc.it  study  ha\e  demonstrated  that  acquired 
tolerance  to  HS.A  could  be  terminated  if  the  unresponsive  rabbits  are  immunized 
with  polyamino-acid  conjugates  of  HS.A.  'Fwo  parameters  appear  to  determine  the 
breakdown  of  tolerance;  (1)  the  chemical  nature  of  the  attached  polyamino  acid: 
p'FyrllS.A  was  effective  in  the  termination  of  tolerance,  whereas  pAlaHS.A,  under 
the  experimental  conditions  tested,  was  not;  (2)  the  degree  of  enrichment  with  the 
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appropriate  residues.  The  capacity  of  pTyrHSA  to  terminate  tolerance  to  HSA 
is  correlated  with  the  capacity  of  tyrosine  peptides  to  confer  antigenicity  on  anti- 
genically  weak  proteins,'*’ while  the  incapacity  of  alanine  peptides  to  help  the 
breakdown  of  tolerance  might  be  correlated  with  their  lack  of  capacity  to  convert 
gelatin  into  a  potent  immunogen.'* '•  Thus,  pTyrHSA  broke  tolerance  to  HSA, 
in  contrast  to  pAlaHSA  which  was  unable  to  terminate  tolerance  under  the 
experimental  conditions  of  the  present  study. 

I’he  degree  of  enrichment  with  tyrosine  was  shown  to  determine  the  level  of 
tolerance  breakdown.  Enrichment  with  3  per  cent  of  tyrosine  residues  caused 
formation  of  anti-HSA  in  only  one  out  of  six  animals,  whereas  the  7  per  cent 
enrichment  with  tyrosine  terminated  tolerance  in  four  out  of  six  rabbits,  starting 
already  after  the  second  immunization.  Further  enrichment  (13  per  cent),  however, 
decreased  somewhat  the  capacity  of  the  conjugate  to  elicit  antibodies  to  HSA  in 
HSA-tolcrant  animals.  Here,  the  formation  of  anti-polytyrosyl  antibodies  preceded 
the  production  of  anti-HSA;  and  when  anti-HSA  antibodies  had  been  detected 
they  were  of  a  lower  level  than  those  produced  by  the  “  "^er  cent  pTyrHSA.  It 
is,  therefore,  concluded  that  there  is  an  optimal  degree  of  molecular  alteration 
which  will  confer  on  the  altered  antigen  the  maximal  potency  to  terminate 
tolerance. 

The  level  of  tolerance  breakdown,  obtained  by  pTyrHSA,  was  significantly 
greater  than  the  level  of  breakdown  obtained  previously  by  other  chemically 
altered  proteins,  such  as  azo-conjugates.  Weigle'’*  achieved  the  most  potent  re- 
activatii  i  of  anti-BSA,  in  BSA-tolerant  animals,  following  immunization  with  an 
arsanil-sulfanil-BSA.  However,  the  ratio  of  anti-BSA  to  the  antibody  to  the 
homologous  antigen  was  in  7/9  tolerant  animals  significantly  lower  than  in  the 
normal  controls.  On  the  other  hand,  in  our  system,  when  tolerance  was  terminated 
by  pl'yrllSA  enriched  with  3  or  7  per  cent  tyrosine  residues,  the  ratio  of  anti- 
HSA  to  antibodies  to  the  homologous  antigens  was  in  4/5  animals  of  the  same  order 
in  the  tolerant  and  in  the  control  animals.  It  appears,  therefore,  that  the  level  of 
tolerance  breakdown  as  measured  by  this  ratio  was  definitely  greater  than  that 
reported  for  azo-conjugates  of  serum  proteins  or,  in  fact,  by  any  other  system  which 
was  shown  to  terminate  tolerance. *®-**  *®' 

The  ratio  of  antibody  production  to  HSA  and  to  pTyrHSA  in  the  tolerant  and 
control  animals  should  be  considered  in  relation  to  the  possible  cellular  basis  of 
immunological  tolerance.  One  of  the  central  problems  of  immunological  tolerance 
is  whether  there  is  only  a  tolerant  organism,  from  which  certain  predetermined  cells 
have  been  eliminated,'^* or  whether  there  are  tolerant  cells  per 
.According  to  the  clonal  selection  cor.cept,  the  tolerant  state  is  based  on  the  elimina¬ 
tion  of  specific  predetermined  clones.  The  immunological  reactivation  would  then 
depend  on  the  reappearance  of  clonal  stem  cells  which  would  have  to  replicate, 
i.e.  to  form  ‘clones’  of  proper  cell  populations,  prior  to  the  formation  of  detectable 
amount  of  antibody.  If  cells  predetermined  to  form  anti-HSA  have  been  eliminated 
from  the  organism  in  HSA-tolerant  animals,  whereas  those  capable  of  forming  anti¬ 
polytyrosine  have  not,  then  the  reactivation  will  depend  on  the  gradual  regeneration 
of  clones  capable  of  forming  anti-HSA.  The  sizes  of  the  cell  populations  capable  of 
forming  anti-HSA  in  the  tolerant  animals  should  be  smaller  during  the  ‘regenera¬ 
tion’  process  than  those  capable  of  forming  anti-HSA  in  the  normal  animals. 
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Accordingly,  it  would  be  expected  that  the  ratio  of  anti-USA  to  anti-pd'vrUSA  in 
the  normal  animals,  would  be  diOerent  from  that  ratio  in  the  tolerant  animals. 
Yet,  we  found  that  when  a  proper  breakdown  has  been  achieved,  the  ratio  of  the 
two  groups  was  of  the  same  order.  If  this  similarity  represents  a  similarity  in  the 
sizes  of  cell  populations  engaged  in  antibody  production,  then  our  results  are  not 
compatible  with  the  notion  that  tolerance  is  based  on  the  elimination  of  cells. 
'I’hey  are  compatible  with  the  notion  that  tolerant,  specifically  non-reactive  cells, 
do  exist,  and  the  experimental  breakdown  is  based  on  tlie  reactivation  of  these 
cells  which  previously  were  non-reactive  to  HSA.<^^> 

The  e.xperimental  termination  of  acquired  tolerance  may  be  relevant  to  the 
termination  of  natural  tolerance,  if  the  two  systems  are  based  on  a  similar  mechan¬ 
ism.  So  far,  however,  very  little  is  known  on  the  mechanism  of  immunological 
tolerance  and  the  similarity  between  acquired  and  natural  tolerance  can  be 
deduced  only  from  the  similarity  in  the  immunological  manifestations  following 
various  experimental  treatments.  Indeed,  applying  this  approach,  Boyden  and 
Sorkin*^'  claimed  to  have  obtaineu  different  responses  to  the  haptenic  determinants 
when  te?*i.ig  azo-conjugates  of  proteins  towards  which  the  animals  were  made 
tolerant,  as  compared  to  those  towards  which  the  animals  are  naturally  tolerant. 
Nachtigal  and  Feldman, on  the  other  hand,  found  a  complete  similarity  between 
these  two  systems,  when  analysing  the  responses  to  the  haptenic  groups.  In  the 
present  study  further  evidence  is  brought,  indicating  that  the  immunological 
manifestations  of  the  two  systems  are  similar;  antibodies  to  the  polypeptidyl 
determinants  (both  Tyr  and  .-Via)  were  obtained  with  RS.A-conjugates,  as  well  as 
with  HS.\-conjugates  injected  to  HS,\-tolerant  rabbits,  if,  in  fact,  tins  similarity 
represents  a  basic  similarity  in  the  mechanism  of  the  two  systems  of  tolerance,  then 
the  results  obtained  in  the  experimental  termination  of  acquired  unresponsiveness 
may  be  relevant  to  the  termination  of  natural  tolerance. 

STMMARY 

A  study  was  made  of  the  immune  responses  to  polvpeptidyi  proteins  in  rabbits 
which  were  either  naturally  tolerant  or  made  experimentally  unresponsive  to  the 
protein  carriers.  IXperimentallv  aevpiired  tolerance  to  H.SA  could  be  terminated  by 
immunization  of  the  unresponsive  rabbits  with  poly-:  -tv  rosy!  derivatives  ot  IIS.X. 
Two  parameters  determined  the  breakdown  of  tolerance;  (1)  the  chemical  nature 
of  the  peptides  attached;  poivtyrosyl  llS.X  was  ellective  in  the  term'  ation  of 
tolerance  to  HS.\,  whereas  polyalanyl  HS.\  was  not;  (2)  the  degree  of  enrichment 
w  ith  tyrosine.  There  appears  to  be  an  optimal  degree  of  enrichment,  i.e.  of  mold  Jar 
alteration  of  the  HS.\,  which  will  confer  on  the  altered  antigen  the  maximal  potency 
to  terminate  tolerance;  a  slight  alteration  (.f  per  cent  enrichment  of  IIS.X  with  I'vr) 
ami  a  severe  alteration  (1,1  per  cent  enrichment)  were  less  eflective  in  tolerance 
brtakilown  than  an  intermediate  ^legree  of  alteration  (T  per  cent  enrichment  with 
Tyr).  The  level  of  tolerance  breakilovvri  obtaineil  by  polvtyrosvl  USX,  as  measurevl 
bv  the  ratio  of  anti-IIS. X  anti-poivtvrosvl  ITS.X,  was  greater  than  the  level  obtaineil 
previously  bv  other  clieniicallv  altered  antigens.  The  signitiiance  ot  this  ratio  v\as 
di.scus.sed  in  relation  to  the  cellular  basis  of  immunological  tolerance.  Xntibodies 
were  proiliieed  to  the  peptides  fur  sr,  when  attacbeil  to  proteins  tow  anls  which  the 
animal  is  natiirallv  tolerant  (RS.X),  or  to  proteins  to  which  the  animal  has  acquired 
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tolerance  (HS.\).  In  both  systems,  there  was  a  similar  pattern  of  antibody  forma¬ 
tion,  whicli  may  rctleet  a  similaritv  in  nieehanisin  between  natural  and  actively 
accpiireii  tolerance. 
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